Results of previous studies suggest that altered patterns of LHRH neurosecretion contribute to attenuated LH surges and the eventual cessation of ovulation in aging female rats. The present study compared evidence of LHRH neuronal activation in conjunction with the preovulatory and steroid-induced LH surge in young and middle-aged animals to determine whether age-related alterations could be detected. Double immunocytochemical protocols were used to colocalize LHRH and the protein product of the proto-oncogene c-fos, which increases within the nucleus of LHRH neurons in association with spontaneous or induced LH surges. The mean proportion of LHRH neurons containing immunoreactive Fos was higher in the brains of young compared to middle-aged females in association with both the preovulatory (p < 0.01) and the steroid-induced LH surge (p < 0.001). The time course of activation of LHRH neurons was delayed in the brains of aging females, and the proportion of double-labeled LHRH neurons remained elevated longer in the brains of young compared to middle-aged steroid-treated females. Moreover, regional differences in LHRH neuronal activation were observed both within and between age groups. The data presented suggest that reduced LHRH neuronal activation may contribute to the attenuation and eventual loss of preovulatory LH surges in middleaged female rats.
INTRODUCTION
Upon reaching 9-12 mo of age, female rats typically stop exhibiting regular estrous cycles. Spontaneous LH surges no longer occur, and ovulation ceases. Data from several lines of experimental evidence suggest that deficits at the hypothalamic level are important to the age-related loss of estrous cyclicity and reproductive fertility in this species (for review see [1] ). Previous studies in our laboratory have demonstrated an altered pattern of LHRH neurosecretion in middle-aged compared to young females in association with an LH surge [2] . Moreover, data from a recent immunocytochemical examination of LHRH neurons on proestrus suggest altered synthesis and/or processing, transport, or secretion of LHRH in the brains of middleaged compared to young female rats [3] .
The present study employed immunocytochemical detection of immunoreactive (IR) Fos protein in the nucleus of LHRH neurons as a marker for neuronal activation. The intent was to determine whether age-related differences in activation can be detected within the population of LHRH neurons in conjunction with an LH surge. Fos protein, a product of the expression of one of the immediate early genes, cfos, accumulates rapidly within the nucleus of many neurons in response to various stimuli (for review see [4] ). lows identification of specific neurons activated in response to stimulation and provides a cellular method for labeling activated neurons [5] .
The localization of Fos protein has been used successfully to explore activation within LHRH neurons [6] [7] [8] [9] [10] [11] [12] . Results of previous studies have demonstrated that increased levels of IR-Fos within LHRH neurons are associated with the spontaneous [6] [7] [8] or steroid-induced [9, 12] LH surge in rats and mice, and with the mating-induced LH surge in the ferret, a reflex ovulator [11] . In regularly cycling female rats, IR-Fos protein has been detected in the nuclei of LHRH neurons on proestrus in association with the preovulatory LH surge, but not at other time points examined during the estrous cycle [7] . Moreover, IR-Fos protein was increased in the nucleus of LHRH neurons of ovariectomized animals only in conjunction with a steroid-induced LH surge [9] .
The present study compared evidence of the activation of LHRH neurons in the brains of middle-aged and young female rats. Immunocytochemical protocols were used to colocalize LHRH and Fos in the brains of regularly cycling young and middle-aged female rats in association with the LH surge on proestrus. Furthermore, the brains of ovariectomized middle-aged and young females were examined during a steroid-induced LH surge in order to eliminate potential differences in the steroid hormone milieu between and within the two age groups. Age-associated changes in circulating steroid levels have been documented in aging female rodents [1, [13] [14] [15] . Of particular importance to the present study are the lower levels of serum progesterone reported in middle-aged animals. Previous investigations have clearly demonstrated the relationship between progesterone availability and the extent and density of Fos immunoreactivity within LHRH neurons [8] .
Fos protein is thought to play a role in gene activation [4, 16] . In particular, heterodimers of Fos and another immediate early gene product, Jun, bind to the DNA sequence for transcription factor AP-1, which may be essential for basal and stimulated transcription [4] . The protein products of cfos and other immediate early genes have been postulated to be part of an intracellular pathway that couples neuronal stimulation with secretion and may be important for the interrelationship between stimulus-secretion coupling and stimulus-transcription coupling in the nervous system [4, 16] . Data from studies of the preproenkephalin gene suggest that gene transcription and translation are induced to replenish secreted peptide when the rate of secretion exceeds new synthesis [4] . It is plausible that a similar interaction between stimulus-secretion and stimulus-transcription coupling occurs within the population of LHRH neurons in conjunction with the LH surge. However, regardless of the precise role of increased nuclear Fos protein within LHRH neurons, in the present study, localization of IR-Fos was used solely as a marker of neuronal activation.
The age-related differences detected in the activation of LHRH neurons in the present study provide important information regarding the nature of the deficit in LHRH neurosecretion in aging female rats. The data presented here support the hypothesis that decreased activation within the population of LHRH neurons contributes to the age-associated alteration in LHRH output and subsequently to the characteristic attenuation of the spontaneous and steroidinduced LH surge observed in aging female rats.
MATERIALS AND METHODS

Animals
Sprague Dawley female rats (Crl:CD[SD]BR) were purchased from Charles River Breeding Labs. (Wilmington, MA) and were housed in the Department of Laboratory Animal Medicine Facility at Tufts Medical School with food and water available ad libitum. Temperature was maintained at 23-25°C, and lights were on from 0400 to 1800 h.
Proestrous females. Vaginal smears were monitored daily for young (2-4 mo old; n = 10) and middle-aged (8-11 mo old retired breeders; n = 10) female rats. Only females exhibiting 3 consecutive regular 4-day estrous cycles were included in the study of intact females. Young and middle-aged females were killed during the morning (1030-1200 h, n = 3 young and 3 middle-aged animals), the afternoon (1330-1500 h, n = 3 young and 3 middle-aged females), or the evening (1700-1930 h, n = 4 young and 4 middle-aged animals) of proestrus. Each immunocytochemical run contained brains from young (mean age = 3.1 ± 0.3 mo) and middle-aged (mean age = 9.9 + 0.3 mo) animals that were killed at similar times on proestrus.
Ovariectomized (ovx) steroid-treated females. Vaginal smears were monitored daily for young (n = 19) and middle-aged females (n = 19). Middle-aged females were purchased either as retired breeders at 8-9 mo of age (n = 10) or were initially purchased at 2 mo of age and housed in our facility until they reached middle-age (n = 9). Brains of both virgin and retired breeder middle-aged females were examined at each time interval in the present study. The overall means of the proportion of double-labeled neurons were similar (36% in virgin vs. 32% in retired breeder middle-aged females), and the proportions of double-labeled LHRH neurons observed in animals killed at the same time were comparable (e.g., 13% vs. 15% at 1300 h, and 39% vs. 40% at 1600 h in virgin vs. retired breeders, respectively). Because no apparent differences were noted in the data from nulliparous and multiparous middle-aged females, they were combined for analysis.
At the time of ovariectomy, young females were regularly cycling, but middle-aged females had ceased exhibiting regular estrous cycles and had entered into persistent vaginal estrus. Animals were ovariectomized under metofane anesthesia, and 3-4 wk after ovariectomy, each received an injection of estradiol benzoate (4 pzg/100 g BW) at 0900 h followed 48 h later by an injection of progesterone (0.8 mg/100 g BW). This steroid-priming paradigm has been used previously [2, 17] , and the resulting LH surge has been characterized. Animals were perfused between 1300 and 2300 h on the day of progesterone injection (4-14 h after progesterone administration) at four different time intervals. The time intervals examined corresponded to the early ascending phase of the LH surge (1300-1430 h), the later ascending phase of the surge (1431-1600 h), the time surrounding the expected peak of the LH surge (1601-1730 h), and the descending phase of the LH surge (1731-2300 h). The brains of 4-6 young and middle-aged animals were examined at each of the four time intervals, and each immunocytochemical run contained tissue sections from equal numbers of young and middle-aged animals killed on the same day at the same time after progesterone injection. At the time of perfusion, the mean age of the young females was 3.6 + 0.1 mo, and the mean age of the middle-aged females was 12.8 0.6 mo.
Immunocytochemical Protocols
Animals were deeply anesthetized with an overdose of sodium pentobarbital anesthesia (Nembutal; 50 mg/kg BW; Abbott Laboratories, North Chicago, IL) and perfused intraventricularly with 5% acrolein [18] in phosphate buffer (pH 7.2). Brains were removed from the calvarium, and 40-xim sections were cut through the basal forebrain with a Vibratome (Technical Products International, Earth City, MO). In the present study, evidence of activation of LHRH neurons within the entire rostral caudal extent of the population of LHRH neurons in the basal forebrain was examined. Previous studies in our laboratory have demonstrated that examination of every fourth section through the basal forebrain from the diagonal band of Broca to the mammillary bodies of the hypothalamus provides adequate sampling of the different subgroups within the population of LHRH neurons in the rat brain [3, 19, 20] . Therefore, as in previous studies, every fourth section through the forebrain area of interest was examined (a mean of 36 tissue sections/animal x 58 animals or a total of 2088 tissue sections). The examination of every 40-pm section through the basal forebrain for each animal in the present study would have required the detailed analysis of more than 8000 tissue sections, which would constitute a prohibitive task.
During preliminary studies to optimize the double-labeling immunocytochemical protocol, we noted that Fos and LHRH immunoreactivity could be reduced if tissues were not processed carefully and rapidly. We were particularly concerned about the potential for a differential loss of immunoreactivity in the two age groups. Therefore, in the present study, brains were maintained at 4C after perfusion, sectioned within 16 h after perfusion, and incubated with Fos antiserum within 24 h after sectioning. Furthermore, during sectioning, the Vibratome bath was kept cold (4-8°C) by the frequent addition of frozen cubes of buffer, and sections were collected into tissue boats maintained on ice.
Tissue sections were first washed and treated with sodium borohydride and metaperiodate to remove the residual aldehydes and to decrease nonspecific background staining [3, 18, 21] . Tissues were then incubated in antiserum to Fos protein at a dilution of 1:4000 for 48 h at 4°C on a Jr. Orbit Shaker (LAB-LINE, Melrose Park, IL). The Fos antiserum was generously supplied by Tom Curran of the Roche Institute of Molecular Biology, Nutley, NJ. This antiserum (Alu Fos) was raised against amino-acids 1-131 of Fos protein expressed in E. coli [22] and does not recognize any of the presently identified Fos-related proteins (personal communication). Use of this antiserum with our tissue preparation resulted in a specific dense nuclear reaction product with very little background staining of the tissue, and for these reasons, it was particularly well suited for the double-labeling protocol.
After incubation with Fos antiserum, tissue sections were washed and incubated with biotinylated IgG for 2 h at room temperature on a shaker and washed for 1 h prior to incubation with the ABC reagent (Vector Elite; Vector Laboratories, Burlingame, CA). Nickel-intensified diaminobenzidine (DAB; Vector Laboratories) was used as the chromogen for the detection of nuclear Fos protein and appeared as a black reaction product restricted to the nucleus of various forebrain neurons. After being washed overnight at 4°C, tissues were incubated with LHRH antiserum RM 1076, generously provided by Robert Millar from the University of Capetown, Capetown, South Africa [23] . Tissues were incubated with LHRH antiserum for 48 h at 4°C on a shaker, washed, and incubated with biotinylated IgG for 2 h at room temperature, and washed and incubated with ABC reagent for 1 h also at room temperature. To reveal LHRH reaction product, DAB (Sigma Chemical Co., St. Louis, MO) was used as the chromogen to produce a brown reaction product that was clearly distinguishable from the nickel-intensified black reaction product associated with IR-Fos protein. LHRH neurons with increased levels of IR-Fos in the nucleus contained a brown reaction product in the cytoplasm and a dense black reaction product in the nucleus. No problem with cross-reactivity was noted because the two antigens being localized resided in different compartments of the cell.
A second set of tissue sections from each animal was incubated with a commercially available antiserum to Fos protein. These included antisera purchased from Cambridge Research Biochemicals (Wilmington, DE), Oncogene Science, Inc. (Uniondale, NY), and Santa Cruz Biotechnology (Santa Cruz, CA). The data analyzed and reported here are restricted to those obtained with the Curran Fos antiserum [22] , because it proved to be the most consistent in multiple immunocytochemical runs with our tissue preparation. Moreover, the very low background staining made it ideal for double-labeling studies.
Circulating Hormone Levels
Blood was collected from each animal by cardiac puncture at the time of perfusion for the determination of circulating levels of LH and estradiol. Plasma LH levels were measured by use of materials supplied by the NIDDK rat pituitary hormone distribution program (Baltimore, MD), and values were expressed in terms of the LH pituitary reference preparation RP-3. Assay sensitivity was 0.03 ng/tube; intraassay and interassay variabilities were 5.5% and 7.0%, respectively.
Estradiol was measured in the Center for Reproductive Research at Tufts University by a modification of the MAIA RIA kit for the quantification of estradiol purchased from Serono Diagnostics (Allentown, PA). The protocol used was adapted from that recently reported for the measurement of circulating estradiol in sheep [24] . The kit uses 125-I estradiol tracer, and the assay has been optimized to detect estradiol levels in the range of 0.2-5 pg/tube. Duplicate plasma samples and standards were extracted with diethyl ether prior to addition to the assay. The midpoint of the assay (50% binding) was approximately 1.0 pg/tube. Parallelism between serial dilutions of standard and rat plasma samples were confirmed prior to use of the assay to measure rat estradiol. The interassay variability as determined by measurement of rat pools was 13%, and the intraassay variability as determined from the coefficient of variation at the mid-range of the assay was 4.4%.
Analysis of LHRH Neurons
Sections were viewed under a light microscope (Zeiss Axioskop) at a magnification of 100-400x. The sections were coded so that the condition of each animal was unknown to the person counting and categorizing LHRH neurons. Every immunopositive LHRH neuron with a visible nucleus in the plane of section was counted and scored for the presence or absence of Fos-like reaction product. Each section was assigned an anterior-posterior coordinate on the basis of its correspondence with the figures in the Konig and Klippel atlas of the rat brain [25] . Sections were then sorted into one of four forebrain areas. Sections through the diagonal band of Broca (DBB, area #1) corresponded to Figures 10-15 of the Konig and Klippel atlas [25] . Sections through the organum vasculosum of the lamina terminalis (OVLT, area #2) corresponded to atlas Figures 16 and 17 [25] . Sections through the preoptic area (POA, area #3) corresponded to Figures 18-23 , and sections through the hypothalamus (HYPO, area #4) corresponded to Figures 24 -42 of the Konig and Klippel atlas [25] . Similar divisions through the rat forebrain have been used previously to characterize changes in the population of detectable LHRH neurons with different endocrine conditions [3, 19, 20] .
Statistical Analysis
The proportion of LHRH neurons containing detectable levels of IR-Fos protein was analyzed independently for proestrous and steroid-treated females by two-way analysis of variance. The factors of age and time were compared [26] . Supplemental t-tests for differences among several means [26] were used to compare data from young and middle-aged animals at each time interval and to compare LHRH/Fos data over time within each age group as the a priori purpose of the present study was to make these comparisons. The data from the steroid-treated females were further analyzed by forebrain area at each time interval through use of two-way analysis of variance with repeated measures (Statquik; Lundon Software, Chagrin Falls, OH). Supplemental t-tests were used to compare the data from aging and young females for each forebrain region at each time interval.
Plasma LH levels in young and middle-aged animals were compared at the various time intervals in proestrous and steroid-treated females by t-tests; t-tests were also used brains was most probably due to the inclusion of more tissue sections per brain in the analysis and not to steroid priming per se.
FIG. 2. Colocalization of LHRH and
Fos protein in brains of young and middle-aged rats on proestrus. Mean proportion (+ SEM) of LHRH neurons containing IR-Fos is depicted in the two age groups on the morning (1030-1200 h), the afternoon (1330-1500 h), and the evening (1700-1930 h) of proestrus (n = 3-4 young and middle-aged females at each time interval). Two-way ANOVA revealed that the overall proportion of double-labeled LHRH neurons differed by age (p < 0.01) and by time (p < 0.001). Age-related and time-related differences were further analyzed by supplemental t-tests. A significant age-related difference in the proportion of double-labeled LHRH neurons was noted on the afternoon of proestrus (*p < 0.05). Time-related differences (p < 0.05) within each age group are designated by different letters of the alphabet above standard error bars. Same letters indicate no significant differences between time intervals. Letters refer to analysis within age groups only.
to compare plasma estradiol levels in young and middleaged females, and ANOVA was used to compare plasma estradiol levels measured in steroid-treated and proestrous females.
RESULTS
The morphology of single-and double-labeled LHRH neurons was similar in the brains of aging and young females. Examples of single-labeled (LHRH only) and double-labeled (LHRH/Fos) neurons from the brain of an aging proestrous female rat are shown in Figure 1 . The mean number of tissue sections analyzed and the mean numbers of LHRH neurons counted in every fourth section through the basal forebrain did not differ in young (33 ± 1 tissue sections/animal; 248 + 28 LHRH neurons/animal) and middle-aged (34 ± 1 tissue sections/animal; 232 + 17 neurons/animal) proestrous females, or in young (38 + 1 tissue sections/animal; 293 ± 13 LHRH neurons/animal) and middle-aged (37 + 1 tissue sections/animal; 330 + 12 LHRH neurons/animal) steroid-treated females. The number of LHRH neurons detected in the brains of steroid-primed animals were somewhat higher than the number detected in proestrous females in the present study. Additional sections through the most rostral and most caudal extent of the population were included in the analysis of the steroid-primed animals. Therefore, the higher number of LHRH neurons detected in the steroid-primed
Proestrous Females
Proportion of LHRH neurons with IR-Fos protein in the nucleus. The proportion of double-labeled LHRH neurons detected in the brains of young and middle-aged proestrous females differed by age (F = 9.2; p < 0.01, twoway ANOVA; see Fig. 2 ) and by time (F = 25.7, p < 0.001; see Fig. 2 ). There was no significant interaction between age and time (F = 0.17).
As depicted in Figure 2 , supplemental t-tests revealed an age-related difference in the proportion of double-labeled LHRH neurons detected on the afternoon of proestrus (p < 0.05). Data analysis revealed an increase in the proportion of LHRH/Fos-labeled neurons in both age groups from the morning to the evening of proestrus (p < 0.001). Comparisons of data from the morning and afternoon of proestrus demonstrated a significant increase in the proportion of double-labeled LHRH neurons in the brains of young (p < 0.05) but not middle-aged animals.
FIG. 3. Colocalization of LHRH and
Fos protein in brains of young and middle-aged ovx, steroid-treated females. Mean proportion (+ SEM) of LHRH neurons containing IR-Fos is depicted in the two age groups at four time intervals in association with a steroid-induced LH surge In = 4-6 young and middle-aged animal at each time interval). Two-way ANOVA revealed significant differences by age (p < 0.001) and by time (p < 0.001). Age-related and time-related differences were further analyzed by supplemental t-tests. Asterisks denote significant age-related differences at a specific time interval (**p < 0.01, ***p < 0.001). Time-related differences (p < 0.05) within each age group are designated by different letters of the alphabet above error bars. Same letters indicate no significant differences between time intervals. Letters refer to analysis within age groups only. . Tissue sections were divided into four different areas of the forebrain as indicated. Two-way ANOVA with repeated measures revealed significant age-related and time-related differences at all but earliest time interval examined. Asterisks denote significant age-related differences within specific forebrain regions as revealed by supplemental t-tests (*p < 0.05, **p < 0.01, ***p < 0.001).
TIME: 1300-1430h
Although a detailed analysis of the localization of double-labeled LHRH neurons is not presented here, a survey of the data revealed that they were not uniformly distributed throughout the population of LHRH neurons in the basal forebrain. Very few LHRH neurons in sections through the diagonal band of Broca in the rostral forebrain contained detectable IR-Fos in conjunction with the LH surge. This was true in both age groups at all three time intervals examined.
Hormone levels in young vs. middle-aged proestrous females.
The mean plasma LH levels for young and middle-aged females at each time interval are shown in Table 1 . The levels of plasma LH measured are consistent with those reported previously by our laboratory during the ascending and descending phases of the preovulatory LH surge on proestrus [3] .
Mean plasma estradiol levels did not differ significantly in middle-aged and young proestrous females at the times examined in the present study. Mean overall plasma estradiol levels were 28.4 + 4.2 pg/ml in young and 33.8 6.4 pg/ml in middle-aged females.
Ovx, Steroid-Treated Young and Middle-Aged Females Proportion of LHRH neurons with IR-Fos in the nucleus.
The proportion of LHRH neurons expressing Fos in the brains of steroid-treated females was analyzed by age and by time (two-way ANOVA). Significant differences by age (F = 17.01 p < 0.001), and by time (F = 13.63, p < 0.001) were revealed, and no significant interaction of age and time was observed (F = 2.92; see Fig. 3 ). As depicted in Figure 3 , supplemental t-tests revealed a lower proportion of double-labeled LHRH neurons in the brains of middle-aged compared to young females during the late ascending (1431-1600 h; p < 0.001) and during the descending phase of the LH surge (1731-2300 h; p < 0.01). Significant age-related differences were not observed during the intervening interval corresponding to the time surrounding the expected peak of the LH surge (1601-1730 h) or at the earliest time interval examined (1300-1430 h).
Comparisons within age groups revealed an earlier rise in the proportion of double-labeled LHRH neurons in the brains of young females (see Fig. 3 ). Specifically, comparisons of data from the early and later ascending phases of the LH surge (1300-1430 h and 1431-1600 h) demonstrated a significant increase in the proportion of LHRH neurons expressing Fos in the brains of young, but not middle-aged, females.
As depicted in Figure 4 , the proportion of LHRH neurons containing detectable levels of IR-Fos was further analyzed at each time interval by area of the forebrain. No age-related differences were noted in any region of the forebrain examined during the early ascending part of the LH surge (1300-1430 h, Fig. 4A ). In contrast, significant agerelated differences in the proportion of double-labeled LHRH neurons were noted during the subsequent time intervals examined (Fig. 4. B-D) . It should be noted that whereas analysis of the entire population of LHRH neurons did not reveal significant age-related differences at the 1601-1730 h interval (Fig. 3) , the analysis by forebrain region revealed age-related differences at that time interval in the more posterior subgroups of the population (Fig.  4C) . The most rostral LHRH neurons present in sections through the diagonal band of Broca showed little evidence of activation at any time interval examined (Fig. 4,  A-D) .
Circulating hormone levels. Mean plasma LH levels in young and middle-aged animals at each of the time intervals examined are shown in Table 2 . Significant age-related differences in LH levels were noted at all time intervals examined except the earliest one.
Plasma estradiol levels did not differ significantly in young and middle-aged steroid-treated animals. Mean estradiol levels measured 33.6 ± 4.2 pg/ml in young and 39.4 ± 5.2 pg/ml in middle-aged steroid-treated females. It should be noted that the mean plasma estradiol levels measured in the steroid-treated animals did not differ significantly from those measured in the proestrous females in the present study.
DISCUSSION
The proportion of LHRH neurons containing detectable levels of IR-Fos is reduced in middle-aged compared to young female rats in association with both the spontaneous and the steroid-induced LH surge. In proestrous females, the age-related difference in the proportion of double-labeled LHRH neurons was most pronounced during the afternoon of proestrus. In ovx, steroid-primed females, significant age-related differences in LHRH neuronal activation were evident during the late ascending phase, the peak, and the descending phase of the hormone-induced LH surge, but not during the early ascending phase. The increase in the number of double-labeled LHRH neurons observed in association with the proestrus or steroid-induced LH surge was not uniform throughout the entire population of LHRH neurons. No significant increase in the proportion of double-labeled LHRH neurons was observed in the most rostral sections through the DBB of intact or hormone-treated females in either age group. These data are consistent with reports of LHRH/Fos colocalization from other laboratories [7, 12] , and suggest that the most rostral LHRH neurons may not be integral to the LH surge [3] . Increases in the proportion of LHRH neurons expressing Fos were noted in sections through the OVLT, POA, and HYPO. The data presented here demonstrate that the proportion of LHRH neurons containing detectable levels of IR-Fos differ both with time during an LH surge and with the region of the forebrain examined.
Comparisons of the proportions of double-labeled LHRH neurons in the brains of middle-aged and young females reveal an age-related delay in the time course of LHRH neuronal activation in association with an LH surge. This delay in the activation of LHRH neurons may contribute to the delay in the timing of the LH surge reported in aging female rats [14, 15, 27, 28] . In addition to a sluggish rise in the activation of LHRH neurons, the proportion of double-labeled LHRH neurons was reduced in the brains of aging compared to young females at the latest time interval examined, suggesting an abbreviated time course of LHRH neuronal activation in middle-aged animals. These age-associated differences observed in the profile of LHRH neuronal activation are consistent with a difference in the degree of activation of LHRH neurons rather than a mere delay in timing. This decline in the activation of LHRH neurons in middle-aged females might contribute to the attenuation and eventual loss of spontaneous LH surges with age. The synthesis of Fos protein and the expected stimulation of gene transcription that follows may not be essential for the LH surge. Nonetheless, if one uses increased IR-Fos protein merely as a cellular marker for the excitation of specific LHRH neurons, then it appears that fewer LHRH neurons are activated and that they are activated later and for a shorter period of time in middle-aged than in young females in conjunction with an LH surge.
The age-related reduction in the proportion of LHRH neurons containing IR-Fos may reflect decreased excitatory or increased inhibitory input to LHRH neurons in middle-aged compared to young females. This explana-tion would be consistent with the diminished neurotransmitter turnover reported in the brains of aging females [29, 30] and the increased inhibitory synapses observed on LHRH neurons in aging male rats [31, 32] . Alternatively, the decrease in LHRH neuronal activation in the aging brain may result from an impaired ability of LHRH neurons to respond to excitatory signals due to age-related differences in specific membrane receptors, membrane fluidity, or intracellular signaling pathways. Each of these phenomena have been reported in the brains of aging animals [29, [33] [34] [35] [36] . Moreover, experimental evidence suggests that c-fos induction is calcium-dependent [4, 37] . Altered calcium homeostasis has been observed in neurons of aging animals and has been suggested as a potential contributor to the degeneration of cellular mechanisms with age [33, [36] [37] [38] . Therefore, it is possible that LHRH neurons in the brains of aging rats fail to efficiently translate stimulation at the cell membrane into c-fos transcription due to an age-related disruption of intracellular signaling pathways.
The results of the present investigation extend the findings of another study that was published during the completion of this manuscript [39] . Lloyd and colleagues [39] examined the colocalization of IR-Fos and LHRH in the brains of middle-aged and young cycling females. Whereas the data presented in that report were consistent with the data from proestrous females in the present study, they did suggest a more dramatic reduction in the proportion of double-labeled LHRH neurons in middle-aged animals. The highest proportions of double-labeled LHRH neurons observed by Lloyd and colleagues [39] in middle-aged proestrous females in association with the LH surge were 8.1 and 9.5%. In contrast, in the present study, IR-Fos was detected in a mean of 41.8% of the LHRH neurons in middle-aged females on the evening of proestrus. The difference in the magnitude of the age-related changes observed in the two studies may be due to differences in tissue preparation, in the animal populations examined, in the specific population of LHRH neurons sampled, or in the time of sampling. In addition, there were differences in the Fos and LHRH antisera used in the two studies. Comparison of the Curran Fos antiserum used here with other commercially available Fos antisera indicated that it may be more sensitive, at least with the tissue preparation used in the present study, and therefore may be capable of detecting lower levels of Fos protein.
The results of the study by Lloyd and colleagues [39] raised the question of whether age-related differences in Fos expression within LHRH neurons might be due to differences in circulating steroid levels in the two age groups. The data presented here suggest that the age-related alteration in the activation of LHRH neurons is probably not due solely to age-related alterations in the steroid milieu. Differences in circulating steroid levels must be considered in studies of intact middle-aged and young females rats. As mentioned earlier, the ratio of estradiol to progesterone is altered with age in female rodents [1, [13] [14] [15] . Of particular significance is the age-related decrease in circulating progesterone levels observed on proestrus, because decreased progesterone availability has been demonstrated to alter the extent and density of IR-Fos within LHRH neurons [8] . In the present study, age-related differences in the proportion of double-labeled LHRH neurons were apparent in ovx young and middle-aged females treated with equivalent amounts of exogenous steroids. It must be noted that progesterone levels were not measured in the present study, and therefore the presence of equivalent levels of circulating progesterone in the two age groups was not definitively established.
In summary, we have shown that LHRH neuronal activation, as assessed by the detection of nuclear Fos protein, differs in the brains of young vs. middle-aged female rats in association with a spontaneous or steroid-induced LH surge. A larger proportion of the LHRH neurons in the brains of young compared to aging females express Fos protein. Moreover, the rise in the proportion of doublelabeled LHRH neurons occurs more rapidly in association with an LH surge in young compared to aging animals. Finally, IR-Fos protein was detected in a larger proportion of LHRH neurons for a longer period of time in the brains of young compared to middle-aged steroid-treated females. In the present study, the precise role of increased Fos protein is not a consideration; rather, IR-Fos protein is used as a marker for the activation of LHRH neurons. As such, it establishes that LHRH neuronal activation is reduced in the brains of aging females in association with an LH surge. This diminished activation of LHRH neurons may contribute to the attenuation and eventual loss of spontaneous LH surges in aging female rats. Whether this decreased activation can be attributed to diminished excitatory inputs, an altered ratio of excitatory to inhibitory inputs, or age-related alterations at the cellular level remains to be determined.
